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Introduction
Kelp beds are the most productive ecosystem in the world (Mann 1973; Fredriksen 2003; Rysgaard and Nielsen 2006) . These provide habitat and shelter for rich epibionts, invertebrates and fishes (Ghelardi 1971; Duggins 1980; Schultze et al. 1990 ). They are a key source of carbon in the coastal food web (Dunton and Schell 1987; Duggins et al. 1989) . Fucoid beds also play an important role as habitat of diverse epibionts (e.g. Edgar 1983 Edgar , 1991 Coston-Clements et al. 1991; Tsukidate 1992 ) and spawning of fish (Coston-early times, high grazing intensities of several species causing destruction of seaweed communities (termed "Isoyake" in Japan) have been reported (Lawrence 1975) . Population size of the sea urchins is regulated by the apex predators sea otter and killer whale in Aleutian Islands, Alaska (Simenstad et al. 1978; Estes et al. 1998) , recruitment and disease in Nova Scotia, Canada (Miller 1985; Hart and Scheibling 1988) and an apex predator Atlantic cod and sea urchin fishery in the Gulf of Maine . This variability of sea urchin population size forces to alter the states of crustose collaine flats and kelp forests. By contrast, the effect of variability of seaweed beds on the population dynamics of sea urchins has not been studied in detail. In Japan, the six species of sea urchins Mesocentrotus nudus (nee Strongylocentrotus nudus) (Tatarenko and Poltaraus 1993) , Strongylocentrotus intermedius, Hemicentrotus pulcherrimus, Pseudocentrotus depressus, Heliocidaris crassispina and Tripneustes gratilla are commercially harvested. Heliocidaris crassispina has been studied as Anthocidaris crassispina, but Anthocidaris is considered a junior synonym of Heliocidaris (Hart et al. 2011) . The total catches (whole weight) decreased from 23 000 metric tons in 1987 to 7 881 metric tons in 2011 (Fig. 1) . The catches of M. nudus and S. intermedius, which are caught in Tohoku and Hokkaido, account for more than 70% of the total .
The present study illustrates larval settlement, gonad production, somatic growth, recruitment and interactions with seaweed beds of the edible sea urchins M. nudus, S. intermedius and H. pulcherrimus (Fig. 2) , which are closely associated with variability of seaweed beds in subtidal rocky regions in northern Japan. In addition, enhancement of population size, gonad production and somatic growth of sea urchins are documented.
Settlement
Edible sea urchins have a larval phase of 14-40 days and then settle (Lawrence 2001) . Many metamorphosed juveniles are found on crustose coralline flats, which are called "barren" (Cameron and Schroeter 1980; Rowley 1989; Sano et al. 1998; Balch and Scheibling 2000) . Naidenko (1996) reported that glutamine or glutamine mimetics may be active components of natural inducers from calcareous algae. Kitamura et al. (1993) reported that larval metamorphosis of P. depressus and H. crassispina following larval contact with the articulated coralline alga Corallina pilulifera is due to eicosapentaenoic acid (EPA) produced in the algal thalli. A chemical cue inducing a high metamorphic rate of the sea urchin Strongylocentrotus droebachiensis larvae after their contact with the coralline algae Lithothamnion glaciale, Phymatolithon laevigatum, Phymatolithon rugulosum and Corallina officinalis is thought to be γ-aminobutyric acid (GABA) (Pearce and Scheibling 1990) . Glycoglycerolipids (sulfoquinovosyl monoacylglycerols, sulfoquinovosyl diacylglycerols, monogalactosyl monoacylglycerols, monogalactosyl diacylglycerols, digalactosyl monoacylglycerols, and digalactosyl diacylglycerols) isolated from the green alga Ulvella lens have been identified as the chemical inducers of larval settlement and metamorphosis of S. intermedius (Takahashi et al. 2002) . This alga has been used as a collector for settlement in artificial production because it induces metamorphosis and settlement more strongly than attached diatoms (Kawamura et al. 1983 ; Hokkaido Institute of Mariculture 1992). Taniguchi et al. (1994) found that two articulated coralline algae Serraticardia mazima and Calliarthron yessoense, the crustose coralline alga (dominant species in coralline communities), and Ulvella lens all induce larval metamorphosis of M. nudus. They ascertained that dibromomethane (DBM), a volatile chemical produced by all these algae (Itoh and Shinya 1994; Ohshiro et al. 1999) , induced 100% of larvae to metamorphose within 2 h. In that experiment, larval metamorphic rate was examined in petri dishes with seawater in which DBM was dissolved to a relatively high concentration of approximately 700 ppm. Moreover, the effect of exposure time of the larvae to DBM was not examined. The fully developed 8-armed larvae contact the surface of the corallines just before metamorphosis (Taniguchi et al. 1994) . Hence, metamorphosis appears to be induced by immediate reception of DBM, constantly released from the corallines (Itoh and Shinya 1994) .
In contrast, few metamorphosed juveniles of M. nudus and S. droebachiensis are found in the kelp forests of Eisenia bicyclis and Laminaria longicruris, respectively (Sano et al. 1998; Balch and Scheibling 2000) . Mortality after settlement of the sea urchin Strongylocentrotus purpuratus in the giant kelp Macrocystis pyrifera forests and the sea urchin Evechinus chloroticus in the kelp Ecklonia radiata forests are also high (Andrew and Choat 1985; Rowley 1989) , though crustose coralline red algae also grow in the understories of kelp forests (Reed and Foster 1984; Andrew and Choat 1985; Rowley 1989; Chapman and Johnson 1990; Taniguchi 1991; Kennelly and Underwood 1993; Steneck and Dethier 1994; Melville and Connell 2001) . It is likely that the chemicals produced by the kelps inhibit larval survival and metamorphosis as well as juvenile survival. Bromophenols are chemical compounds that are widely distributed in green, brown and red marine algae Chung et al. 2003) . In addition, releases of 2,4-dibromophenol and 2,4,6-tribromophenol from the large perennial brown algae E. bicyclis and Ecklonia kurome were confirmed (Shibata et al. 2006) .
2-1. Instantaneous effect of DBM on larval metamorphosis
To simulate the relation between the larvae and crustose corallines, Agatsuma et al. (2006a) designed a new system that diffuses DBM through a hydrophobic membrane (Fig. 3) and quantified the optimum exposure time to DBM and the optimum concentration inducing larval metamorphosis. Twenty five grams of DBM (CH 2 Br 2 ) (Wako Pure Chemical Industries Ltd.) was added and dissolved by stirring for 24 h. As DBM is likely to chemically resolve after exposure to light for a long time, the light protected one was used. Seawater with insoluble DBM at the bottom was considered to be a saturated solution. To establish metamorphic rate at different concentrations of DBM, the saturated solution was diluted with filtered seawater to 1/8, 1/4, 1/3 and 1/2. As a result, the highest larval metamorphosis (>80%) of M. nudus and S. intermedius occurred after 1 h exposure to 1/2 dilution of saturated DBM (Fig. 4) . With this dilution, more than 80% of M. nudus larvae metamorphosed 1 h after only 10 min exposure (Fig. 5) , which corresponded to low concentrations of 52 to 61 ppm DBM by GCMS analysis. More than 80% of S. intermedius larvae metamorphosed 1 h after only 5 min exposure (34-43 ppm) .
This study showed instantaneous metamorphosis of a high percentage of sea urchin larvae by DBM. Qualitative studies on the mechanism of release and how much DBM is being released from U. lens and crustose corallines are necessary. For M. nudus and S. intermedius larvae, responding to DBM instantly with a high percentage of metamorphosis would ensure a high recruitment level in crustose coralline habitats even though high mortality might occur after settlement. The number of sea urchins that settle fluctuates temporally and spatially and is associated with an abundance of larval supply caused by oceanographic conditions, water temperature, salinity, predation, and starvation (reviewed by Ebert 1982; Balch and Scheibling 2001) . However, it is probable that crustose corallines have an important role in determining sea urchin population structure and size in rocky subtidal bottoms. For M. nudus and S. intermedius larvae, responding to DBM instantly with a high percentage of metamorphosis would ensure a high recruitment level in crustose coralline habitats even though high mortality might occur after settlement.
2-2. Inhibitory effect of DBP and TBP on larval
survival and metamorphosis Agatsuma et al. (2008) studied the inhibitory effect of 2,4-dibromophenol (DBP) and 2,4,6-tribromophenol (TBP) released from E. bicyclis on survival and metamorphosis of the eight-armed larvae of M. nudus (Figs.  6, 7) . DBP (Br 2 C 6 H 3 OH) and TBP (Br 3 C 6 H 2 OH) (Wako Pure Chemical Industries Ltd.) were dissolved in 99.5 vol% ethanol and 5-µm-filtered seawater was added. Thus, concentration of DBP and TBP solutions were designed for this experiment.
The percentage of larvae that underwent metamorphosis in filtered seawater containing 1 ppm TBP after 1 h exposure to 1/2 dilution of saturated DBM solution was reduced to 73%. This was further reduced to less than 40% in the presence of 10 and 20 ppm TBP after 2 h. In filtered seawater containing 1 and 10 ppm DBP, the percentage of metamorphosed larvae was markedly reduced to 43 and 5% after 2 h, respectively. All larvae exposed to 50 ppm TBP and to 20 and 50 ppm DBP died after 1 h. For S. intermedius, all 8-armed larvae died in the presence of 20 ppm DBP and 50 ppm TBP. Larval metamorphosis was reduced to less than 35% in the presence of 10 ppm DBP and TBP within 24 h after 1 h exposure to 1/2 dilution of saturated DBM (Li et al. 2011) . These results suggest that DBP is more toxic than TBP for sea urchin larvae, strongly inhibiting their metamorphosis. It has been suggested that the main causes of the low recruitment level of sea urchin in kelp forests are low survival of the larvae, which are predated by harboring species (Pearse et al. 1978; Bernstein and Jung 1979; Tegner and Dayton 1981; Dayton and Tegner 1984b; Gaines and Roughgarden 1987; Harrold and Pearse 1987; Chapman and Johnson 1990 ) and current deflection, which reduces the number of incoming larvae (Jackson and Winant 1983; Dayton and Tegner 1984b) . In addition, the low densities of metamorphosed juveniles of M. nudus in E. bicyclis beds (Sano et al. 1998) may be attributable to the inhibition of larval survival and metamorphosis by DBP and TBP, although the concentration of bromophenols in E. bicyclis beds is currently unknown. Brown algae contain phlorotannins, which deter feeding by sea urchins and gastropods (Targett and Arnold 1998) . E. bicyclis also produces phlorotannins (Ragan and Glombitza 1986) , which deter S. purpuratus (Steinberg 1988) and T. gratilla (Steinberg and van Altena 1992) . Hence, the inhibitory effect of E. bicyclis on sea urchin recruitment may also be a chemical defense against grazing, helping sustain the population of the kelp. These results indicate the possibility that the population sizes of M. nudus and S. intermedius would be associated with allelochemicals produced from kelps and coralline algae. Swanson et al. (2006) reported that seawater collected in situ adjacent to the foliose red alga Delisea pulchra contained a low concentration of dissolved histamine below 5 nM and induced larval settlement of the sea urchin Holopneustes purpurascens. Histamine is therefore an ecologically relevant settlement cue. Measurement of DBM, DBP and TBP concentrations in seawater adjacent to crustose coralline algae and kelps, and testing of the inducing and inhibitory effect of the water on settlement and survival of sea urchin larvae would shed more light on the ecological relevance of the chemicals.
Gonad production and somatic growth
In relation to seaweed beds, gonads of Strongylocentrotid sea urchins in kelp beds commonly increase more in size than those in barrens (Gonor 1972; Lang and Mann 1976; Pearse 1980; Wharton 1980; Johnson and Mann 1982; Keats et al. 1984; Scheibling and Stephenson 1984; Sivertsen and Hopkins 1995; Agatsuma 1997; Meidel and Scheibling 1998b; Sano et al. 2001) . As characteristic of the phenotypic plasticity in sea urchins, Centrostephanus rodgersii adjust its body growth with food availability (Ling and Johnson 2009 ). The sea urchins in macroalgal habitats are larger with faster growth rates. In contrast, sea urchins in barrens have smaller body size and slower growth rates (Ling and Johnson 2009 ). Wing et al. (2003) examined E. chloroticus growth throughout the Doubtful-Thompson Sound complex in New Zealand. Fastest growth rates and larger overall sizes were found at outer sound sites where there was an abundance of laminarian algae, while inner sound sites with poor food quality had slower growth rates and smaller mean size. For S. droebachiensis, the growth rates in kelp-rich habitats is higher than those in barrens (Lang and Mann 1976; Himmelman et al. 1983; Sivertsen and Hopkins 1995; Leinaas and Christie 1996; Meidel and Scheibling 1998a; Bilcher et al. 2007) .
In northern Japan, subtidal vegetation affects a sere in the course of algal succession, altering the temporal expansion and reduction of kelp forests or coralline flats (Taniguchi 1996a) . Hence, the present sere can be evaluated by classifying the algal vegetation as five life forms characterized by thallus size and longevity (Taniguchi 1996b ).
3-1. Gonad production

3-1A. Gonad size
Gonad production of M. nudus is promoted after spring, when grazing intensifies (reviewed by Agatsuma 2013b). The gonad size is determined by the algal standing crop and the kind of species that grows in the field, this size being largest in kelp beds and smaller in crustose coralline habitats (Agatsuma 1997; Sano et al. 2001) .
The seasonally maximum gonad indices of M. nudus were more than 30 in E. bicyclis kelp beds (Sano et al. 2001; Agatsuma et al. 2005b) , 15-17 in fucoid beds (Nakabayashi et al. 2006; Endo et al. 2007 ) and less than 10 in barrens (Agatsuma 1997; Agatsuma et al. 2005b) . The gonad index in E. bicyclis bed was higher than that in Sargassum yezoense bed . The gonad index of M. nudus fed Saccharina angustata was markedly higher than those fed Sargassum confusum (Nabata et al. 1999) .
For H. pulcherrimus, the seasonally maximum gonad index were more than 20 in Sargassum bed (Agatsuma and Nakata 2004) , and the kelp bed dominated by Undaria pinnatifida and Saccharina japonica (Ogasawara et al. 2011), 18.5 in Acrosorium polyneurum bed (Agatsuma et al. 2006b ), 18 in E. bicyclis bed (Agasuma et al. 2012 ) and 10-11 in barrens (Agatsuma et al. 2006b; Endo et al. 2007) . By contrast, in the fucoid beds dominated by the large fucoids Myagropsis myagroides, Sargassum piluliferum and Sargassum patens, the maximum gonad index was 9.8, which is markedly low (Endo et al. 2007 ). There is no significant difference in the gonad indices in E. bicyclis bed and Sargassum yezoense bed (Agasuma et al. 2013) .
A higher gonad index in the kelp bed than in the fucoid bed for M. nudus contrasts with results for H. pulcherrimus, indicating no significant difference between the beds. This is probably due to inter-specific differences in food palatability and enzymatic or digestive abilities. In this context, it is interesting to note results obtained by gut content analysis by Endo et al. (2007) . They found that in beds of M. myagroides, S. piluliferum and S. patens, H. pulcherrimus had a higher preference for large fucoid algae than M. nudus. Kinoshita et al. (2013) examined H. pulcherrimus with gametes in the gonads, in the large fucoid S. yezoense bed in the Oshika Peninsula, northern Honshu, Japan. The changes in the gonad indices of H. pulcherrimus in the Sargassum bed were compared with those in the U. pinnatifida and S. japonica kelp bed, using a data set obtained from Ogasawara et al. (2011) . In H. pulcherrimus, the female gonad size was smaller than that of males during the post-spawning stage in both the Sargassum bed and the kelp bed. Gonadal re-growth of females during post-spawning was much slower in the Sargassum bed.
During the post-spawning stage, a greater nutrient drain from the females than from males due to greater gamete release and lipid levels being generally higher in ovaries than in testes (Lawrence and Lane 1982 ) is suggested.
3-1B. Brown-colorization of gonad
Color of sea urchin gonads is an essential factor to decide the commercial value. A reddish-yellow color of sea urchins gonads, which is preferred in the Japanese market, is caused by carotenoids, mainly β-echinenone (e.g. Griffiths and Perrott 1976) . Agatsuma et al. (2005b) studied the factors causing brown colored gonads, which lower the commercial value, in M. nudus in E. bicyclis beds and crustose coralline barrens in Miyagi, Japan. Gonad indices of the sea urchins in Eisenia beds were significantly higher than those in crustose coralline habitats. In Eisenia beds, brown colored gonads were found in sea urchins with a test diameter of more than 7 cm, which correspond to more than 7 years old. It was associated with a decrease in gonad indices. In crustose coralline beds, brown colored gonads were similarly observed in sea urchins that were more than 7 years old and in those less than 7 years old with low gonad indices of less than 5 (Figs. 8, 9). Agatsuma et al. (2005b) suggested the brown colorization is correlated with aging and/or gonad size as determined by food availability. In this study, the main causative pigment of brown colorization is likely contained in water-and fat-insoluble residues. In 1999 and 2000, when sea urchins with brown-colored gonads were abundant, water temperatures were much doi:10.5047/absm.2014.00702.0047 © 2014 TERRAPUB, Tokyo. All rights reserved.
higher than the 30-year average (1969 to 1998). On the Pacific coast of Tohoku, E. bicyclis beds were reduced from deep to shallow waters under warm hydrographic conditions (Taniguchi 1991) . Hence, it can be concluded that the increase in the number of sea urchins with brown-colored gonads was caused by a decrease in gonad production due to low availability of food, which is associated with the expansion of barrens.
From HPLC analysis of fat-soluble pigments of dark yellowish-brown (I) and bright yellow (V) gonads, the absorbance peak is considered to be β-echinenone, a main carotenoid (Tsushima 2007) . By contrast, pigments with spectra having a retention time of 16 min, which showed more hydrophobic properties, can be considered to be β-carotene. This pigment should be ascertained from precise analysis, such as a comparison of standard preparation. It is considered that pigment emerging at a retention time of 16 min is related to brown colorization in fat-soluble fractions. The residue of brown-colored gonads of color grade I after extraction by acetone and water was inky-black, which suggests that water-and fat-insoluble pigments may play an important role in the brown colorization of gonads. It is also reported that golden brown globules (probably lipo-fuscin) contained in echinoid gonad sometimes are present in enormous numbers, discoloring the whole gonad and probably result from the disintegration of many of the nutritive phagocytes (abbrev. NPs) (Pearse and Cameron 1991) . The identification of the pigments and clarification of the forming mechanism should be undertaken. 
3-1C. Recovery of gonad production
Ogasawara et al. (2011) monthly monitored the gonad development of H. pulcherrimus in relation to the algal standing crop from 2004 to 2006 in an U. pinnatifida and S. japonica kelp bed in Matsushima Bay, Miyagi. The algal standing crop increased markedly from January or February to a maximum in July. Undaria pinnatifida was predominant until May or July and S. japonica was predominant until August or September. The sea urchins grew significantly from January to April. The gonad index was lowest (~10) as a result of spawning from December to February, rose rapidly to more than 20 in April, and remained high until November (Fig. 10) . The NPs in the lumen of the gonad were rapidly renewed and surrounded relict gametes for long periods (recovering I stage) from March to June or July. Prolonged recovering I stage is a species-specific characteristic first observed in H. pulcherrimus ( Fig. 11) . High gut content index values from January to May suggest that the test growth and marked rise in gonad index after spawning were caused by high food availability (U. pinnatifida).
The recovering I stage, with renewal of NPs and phagocytosis of relict gametes, has been reported to occur in many species of sea urchin, including Strongylocentrotus spp. (Byrne 1990; Laegdsgaard et al. 1991; King et al. 1994; Byrne et al. 1998; Meidel and Scheibling 1998b; Brewin et al. 2000) . A prolonged recovering I stage was first observed.
Temporal and spatial variability of reproductive conditions of sea urchins is closely related to trophic conditions (Nichols et al. 1985; Meidel and Scheibling 1998b; Brewin et al. 2000; Guidetti et al. 2003; Scheibling and Hatcher 2007) . High gut content index values during March or April to May or June suggest high food availability (i.e. the kelp as food) for H. pulcherrimus. Undaria pinnatifida contains a high level of protein, which promotes gonad production , suggesting that the protein was accumulated in the rapidly renewed NPs, which then supported the marked increase in gonad size in March and April immediately after spawning. After that, it is likely that high standing crops of U. pinnatifida and S. japonica ensured high food availability and sustained the high gonad index values. A rearing experiment showed that abundant nutrients were accumulated in NPs, supporting the increase in gonad size of S. droebachiensis fed in excess during the postspawning stage (Walker and Lesser 1998) . A rapid increase in gonad size resulting from the rapid renewal of NPs after spawning, and then their long-term sustainment in relation to the algal standing crop in the field was first shown. Earlier studies reported that spermatocytes and oocytes in the gonads of sea urchin develop rapidly after spawning and that gametes are reproduced in areas with high food availability (Pearse 1980; Byrne 1990; Byrne et al. 1998) . In contrast, it is not likely that gametes were reproduced in addition to phagocytosis of relict gametes after spawning, because spermatocytes and oocytes were not observed in the recovering I stage. This suggests that gametes were phagocytosed and the gonads shifted to the recovering II stage in June or July. Agatsuma et al. (2012) examined gonad development of H. pulcherrimus in an E. bicyclis kelp bed in the Oshika Peninsula, northern Japan. The kelp at 1-to 3-years of age decreased in density from January to July due to strong wave action. For gonad development, the recovering I stage was prolonged from February to April when the gonad indices were around 10% of total body weight, then rose sharply through the recovering II stage with nutritive phagocytes filling the lumen during May to August and the growing stage until October. The gonad indices rose sharply from November and reached a maximum of 18.8 in December when the gonad shifted from the premature to mature stages, then fell in January at the partly spawned and spent stages. Gut content indices were high at the recovering I stage, suggesting high availability of the drift thalli and lateral blades dislodged from the kelps (Taniguchi et al. , 1993 and accumulation of nutrients in NPs. 
3-1D. Somatic growth and growth season
Off the coast of southern Hokkaido and the Pacific coasts, Miyagi, and the Sea of Japan, Akita, the relationship between diameters and ages of M. nudus by the number of black bands annually formed in charred genital plates was examined (Jensen 1969; Kawamura 1973) . The ages, which reached a legal size of 5 cm diameter are shown in Table 1 . The growth rate was high in the beds of the perennial kelps E. bicyclis, S. japonica, S. angustata, Saccharina sculpera, and Alaria crassifolia, where M. nudus reached a test diameter of 5 cm at ages of 2-4 years (Agatsuma 1997; Sano et al. 2001; Agatsuma et al. 2005b ). The growth rate was very low in barrens in the Sea of Japan off southwestern Hokkaido, where M. nudus reached the same size at ages of 7-8 years (Agatsuma 1997) . While, the sea urchins on the barrens below E. bicyclis beds grow to 5 cm diameter at ages of 3-6 years (Sano et al. 2001; Agatsuma et al. 2005b) . Mesocentrotus nudus reached 5 cm diameter after 3-4 years in the beds dominated by the large fucoids Coccophora langsdorfii, S. piluliferum and S. patens, 5-6 years in a red alga Chondrus ocellatus-dominated bed and 7-8 years in a red alga Laurencia spp.-dominated bed and barrens (Nakabayashi et al. 2006) . The growth rate of juvenile S. intermedius fed Saccharina religiosa is markedly higher that that fed Sargassum confusum (Agatsuma 2000) .
Using the same method of age determination, which can be applied for H. pulcherrimus (Agatsuma and Nakata 2004) , the sea urchins reached 3 cm diameter after approximately 3 years in a Sargassum bed (Agatsuma and Nakata 2004) , a fucoid bed dominated by C. langsdorfii, S. piluliferum and S. patens bed (Agatsuma et al. 2005a ), a U. pinnatifida and S. japonica bed (Ogasawara et al. 2011) and an E. bicyclis bed (Agatsuma et al. 2012 ) and more than 3 years in the beds of the red algae Dictyopteris divaricate, Laurencia spp. and Chondrus ocellatus (Agatsuma et al. 2005a) (Table 2) . Namely, the growth rates of S. nudus in kelp beds are higher than those in fucoid beds. By contrast, the growth rates of H. pulcherrimus in both the beds are almost equal.
Difference in the growth seasons of H. pulcherrimus during January to April in a bed of U. pinnatifida and S. japonica in Matsushima Bay (Ogasawara et al. 2011) , during August to October in a bed of Sargassum spp. in Oshoro Bay (Agatsuma and Nakata 2004) , and during June to December in algal turf dominated by Chondrus spp. and A. polyneurum in Onagawa Bay (Agatsuma et al. 2006b ) would be closely related the allocation of nutrients resulting from food availability. The tradeoffs in allocation of nutrients between somatic and gonadal production in sea urchins are well documented (Lewis 1958; Fuji 1967; Gonor 1972 Gonor , 1973 Ebert 1982) . Both somatic and gonadal production occur when food availability is high (Lawrence et al. 1992), which is much more evident during the recovering stage (Guillou et al. 2000) .
3-1E. Somatic growth and seaweed succession
Growth rates of M. nudus and H. pulcherrimus can be ranked by algal succession of climax, seral and pioneer stages in order (Fig. 12) (Agatsuma et al. 2005b) . Off the Oga Peninsula, the most rapid growth was observed in a large perennial fucoid bed at the climax stage. Growth in a small perennial C. ocellatusdominated bed in algal turfs in the seral stage was then high. The slowest growth was observed in the small perennial D. divaricata-and Laurencia spp.-dominated beds. The gonad index at a fucoid bed was high where standing crops exceeded 3 kg/m 2 . The gonad index in the Laurencia bed was lower than those of fucoid beds. Dictyopteris divaricata is known to have chemical defenses against grazing by M. nudus, the abalone Haliotis discus hannai, the snails Chlorostoma lischkei and Omphalius pfeifferi pfeifferi because of the production of chromazonarol, a sesquiterpene (Shiraishi et al. 1991 (Shiraishi et al. , 1992 . A rearing experiment also demonstrated that the volume of this alga consumed by M. nudus was insignificant and the growth rate was extremely low. Since fish, sea urchin and abalone are deterred from feeding on Laurencia because of its production of halogenated terpene or diterpenes (Hay et al. 1987 (Hay et al. , 1988 Kurata et al. 1998) , the growth and gonad production are also likely to be reduced. Thus, it is possible that the magnitude of the growth at the late sere stage is reduced in potential food species of algae with feeding deterrent chemicals. Hence, sea urchins are likely to be useful as indicators for evaluating subtidal vegetation. The indicators of the growth rates might be able to help detect changes in species composition of algae and sere corresponding to recent warming conditions, and would contribute to providing the scientific basis of managing fisheries.
Recruitment
Basically, the population size of benthic invertebrates is determined by the mortality rate of the aged population and the recruitment of juveniles. In particular, clarification of the factors causing annual variation of the magnitude of juvenile recruitment would contribute to management and preservation of the population of the commercially targeted species. Metaxas (2013) reviewed that larval settlement and recruitment are typically linked to larval supply, which in turn reflects the magnitude and patterns of larval dispersal. Larval dispersal regulates spatial and temporal patterns in larval supply to potential sites for settlement and eventual recruitment to the adult population (Mataxas 2013). Balch and Scheibling (2001) reviewed the factors that regulate spatial and temporal patterns in echinoid settlement over tens of meters to thousands of kilometers and over months to years. They indicated that the link between larval supply and actual settlement in benthic habitats is in turn affected by hydrodynamics, as well as the detection of suitable substrate by the larvae 
(Butman 1987).
Episodic recruitment is suggested to be related to large-scale oceanographic processes for the sea urchin Strongylocentrotus polyacanthus on the Aleutian Islands, and S. droebachiensis, S. purpuratus and Mesocentrotus fraciscanus in southeast Alaska between 1972 (Estes and Duggins 1995 . As local hydrodynamics, eddy formation and wave action, as well as large-scale interannual variation in ocean currents determine patterns of recruitment for the sea urchin Echinometra mathaei in western Australia (Prince 1995) . Strongylocentrotus spp. settled near Bodega Marine Laboratory in California, USA, in 1992, during an unusual upwelling relaxation event (Wing et al. 1995) . In the Oregon upwelling zone, settlement of M. fransiscanus and S. purpuratus occurred when the temperature of surface waters was >10°C, indicating that it was associated with relaxation events in summer when the water column is mixed (Miller and Emlet 1997) . Agatsuma et al. (1998) monitored the recruitment of M. nudus off the coasts of Okushiri Island and Shimamaki in the Sea of Japan, southwestern Hokkaido, for 16 years from 1980 to 1995. The recruitment was defined as the juvenile at nearly one year of age. They recorded the high recruitment levels of 14.1 individuals/m 2 in 1984 off Okushiri Island and continuous annual recruitment after 1990 (Fig. 13) . The relationship between juvenile densities and average water temperature in September, which correspond to spawning and larval period, of the previous year was statistically significant (Fig. 14) . The magnitude of settlement can vary by orders of magnitude interannually with some years showing little to no settlement Scheibling 2000, 2001; Tomas et al. 2004; Jennings and Hunt 2010) . The duration of the larval stage of M. nudus is also affected by kinds of food, amount of planktonic diatoms (Otaki et al. 1984; Tenjin and Ishii 1984) and the water temperature, being about 15 days and 18-25 days at water temperatures of 20-23°C and 19.4°C, respectively. Further, the larvae of M. nudus do not develop normally at a water temperature of under 16°C during rearing experiments (reviewed by Agatsuma 2013b). These data suggest that high water temperature in September contributes to an improvement in the juvenile recruitment rate by shortening the larval period. Similarly, episodic recruitment of juvenile S. droebachiensis off Nova Scotia, Canada occurred at high water temperature in spring during the larval period (Hart and Scheibling 1988) . The water temperature in September in 1983, when the abundant year class population spawned, was not extremely high. The water temperature fell rapidly from early to middle, and did not change until late September. High magnitude of spawning, high fertilization success and/or abundant and suitable phytoplanktons as larval foods under these changes in high water temperatures might contribute to the episodic recruitments. Since water temperature in September off the coast of the Sea of Japan, Hokkaido is mainly affected by the Tsushima Warm Current and its variability (Toba et al. 1982) , the recruitment is suggested to be related to the large-scale oceanographic processes.
4-1. Temporal variation
The recruitment and growth of juvenile M. nudus and the biomass of algae were monitored off the coast of Fukushima, Tsugaru Strait, Hokkaido (Agatsuma 1994) . The growth of abundant year classes of 1982 and 1983 of M. nudus greatly increased in 1984 when S. japonica bed expanded at the depth of up to 12 m on coralline barrens resulting from low water temperatures in winter caused by the inflow of coastal Oyashio waters in 1984 and 1985 (Ohtani 1987) . High food availability improved growth and gonad production of M. nudus although grazing activity was lowered at low water temperature (Agatsuma et al. 1996 . As a result, the commercial landing of M. nudus in Fukushima increased abruptly from 1985 to 1987. Abundant recruitment of juveniles occurred all around the Sea of Japan coast of Hokkaido. Abundant S. religiosa and S. ochcotensis grew from the southern to the northern regions of the Sea of Japan in 1984 at low water temperatures in winter resulting from a decrease in the flow of the Tsushima Warm Current. This re- sulted in an abrupt increase in commercial landings of M. nudus in Hokkaido (Agatsuma 1997) (Fig. 15) . Low water temperatures from winter to spring coincide with decreased flux of the Tsushima Warm Current to the north from the Tsugaru Strait (Onishi and Ohtani 1997; Nakata and Tanaka 2002) .
4-2. Range extension
Increase in population size is also caused by range extension. The geographic range of H. pulcherrimus from the Sea of Japan increased by approximately 400 km from off southwestern Hokkaido to off northern Hokkaido (Fig. 16) (Agatsuma and Hoshikawa 2007) . This was caused by episodic recruitment in 1989, 1990, and 1991 (Fig. 17) , coinciding with the highest water temperature during the larval period (March to May) (Agatsuma 1992; Agatsuma and Nakata 2004) in the 20th century (Tanaka 2002) . Agatsuma and Hoshikawa (2007) demostrated that H. pulcherrimus, at a density of 2.4 individuals/m 2 derived from those three yearclasses, was found at a depth of 2-3 m in Tomari, southwestern Hokkaido in 1993. It had not been found there in 1989. In Oshoro Bay, Otaru, this sea urchin appeared dramatically in 1990 and reached a peak density of 5.3 individuals/m 2 in 1992. The high-density of more than 2 individuals/m 2 continued until 1998. Hemicentrotus pulcherrimus recruited in 1989, 1990 and 1991 in Oshoro Bay grew, matured and exceeded 20 of maximum gonad index (Agatsuma and Nakata 2004) , suggesting reproductive success. Hemicentrotus pulcherrimus on crustose corallines migrate to algal turf at a shallower depth of 0-0.3 m from November to March, suggesting high foraging activity to ensure gonad production toward maturation and spawning (Agatsuma et al. 2006b ). The high gonad production and somatic growth in winter at low water temperatures suggest that H. pulcherrimus may have the ability to acquire nutrients as a result of year-round high digestibility (absorption efficiency) (Endo 2008) , leading to success in reproduction. The embryos of H. pulcherrimus tolerate seawater as cold as those of S. intermedius (Fujisawa and Shigei 1990) . Since a phylogenetic study confirms H. pulcherrimus is closely related to S. intermedius (Biermann et al. 2003) , which is also distributed in more northern regions of Sakhalin (Shigei 1995) , this species may have genetic character so as to adapt to the environments in subarctic waters. Hereafter, the effect of extension of H. pulcherrimus to the north in a rocky subtidal community structure in addition to competition with sympatric S. intermedius, which is commercially valuable, should be clarified.
Lately, global warming has been accelerating a regional decline of the kelps M. pyrifera off the east coast of Tasmania (Johnson et al. 2011) , Laminaria ochroleuca and Saccorhiza polyschides in the southeastern part of the Bay of Biscay (Díez et al. 2012) , S. japonica and Costaria costata off the northern Honshu, Japan (Kirihara et al. 2006) , and Laminaria hyperborean along the Iberian Peninsula (Müller et al. 2009) . Around Japan, the recent increase in water temperature and decrease in nutrient concentration (Levitus et al. 2001; Ono et al. 2002; Watanabe et al. 2005; Tanaka et al. 2012 ) may have a negative impact on the production of kelp beds. Off the east coast of Tasmania, the sea urchin Centrostephanus rodgersii, which newly extended the geographic range, has been accelerating destruction of the giant kelp forests and forming barren habitats (Ling and Johson 2009; Ling et al. 2009a, b; Johnson et al. 2011) . It is likely that decline of the kelps decrease in growth, gonad production and increase in brown-colored gonads of sea urchins would reduce economical values.
Sea urchins-seaweeds interactions
Dense feeding aggregations of sea urchins at the lower limit of kelp beds, which is called grazing front, are known for Mesocentrotus franciscanus (Harrold and Reed 1985) , S. droebachiensis (Miller 1985) , C. rodgersii (Andrew and Underwood 1993) and Lytechinus variegatus (Rose et al. 1999) , resulting in their deforestation. Formation of grazing front is initiated from an increase in the population size of sea urchins due to successful recruitment, migration, decrease of predators (Lawrence 1975) and reduction in the availability of drift algae, which cause sedentary urchins to graze actively (Dean et al. 1984; Ebeling et al. 1985) . Unlike grazing activity, for the sea urchin Loxechinus albus, Sphaerechinus granularis and Paracentrotus lividus, the movement to feed kelps, seagrasses or macro algae is caused by changes in food habit with urchin's growth (Guisad and Castilla 1987; Guillou and Michel 1993; Fernandez et al. 2001) . But these studies gave little thought in the context of annual grazing activities, reproductive cycles and seasonal growth of sea urchins.
Many studies show that an increase in the population size of sea urchins results in a decrease in algal standing crop (reviewed by Lawrence 1975) . Higher water temperatures shorten the larval phase of S. droebachiensis, improving larval survival and recruitment success, and consequently increasing herbivory of kelp forests (Hart and Scheibling 1988) . Sea urchin population size is also increased by hunting and harvesting of predators: sea otter in the Aleutian Islands (Strongylocentrotus polyacanthus Simenstad et al. 1978) ; spiny lobster, labrid fish, and sheephead off southern California (M. franciscanus and S. purpuratus Tegner and Levin 1983; Dayton et al. 1998) ; and cod and pollock in the Gulf of Maine (S. droebachiensis Witman and Sebens 1992; Vadas and Steneck 1995) . Conversely, an increase in predators or harvest reduces the populations of strongylocentrotid sea urchins or E. chloroticus, resulting in recovery of kelp forest (Dayton 1975; Estes and Duggins 1995; Vadas and Steneck 1995; Villouta et al. 2001) . Infection of S. droebachiensis by the protozoan Paramoeba invadens at high water temperatures in summer causes mass mortality, also resulting in kelp reforestation (Johnson and Mann 1988) . The population size of sea urchins is also diminished by abiotic factors such as volcanism, earthquakes, storms, high and low temperature, desiccation, salinity, hypoxia, ice, and pollutants (reviewed by Lawrence 1996) . The subsequent recovery of algal beds has been reported from Newfoundland and Baja California in a few cases (Dawson et al. 1960a, b; Hooper 1980 Hooper , 1981 .
5-1. Seasonal migration
Seasonal foraging migration in M. nudus was studied in Oshoro Bay, Hokkaido . Individuals of more than 20 mm in diameter (1 year old) showed remarkable seasonal migrations to feed on available algae (Fig. 18) . Mesocentrotus nudus with growth-stage gonads were found in the crustose coralline-dominated subtidal zone from April to July, where abundant detrital drift algae derived from S. religiosa-dominated intertidal zone was the principal food. The sea urchins migrated to the intertidal zone from July to October and fed on algae there when their gonads were in growth, prematuration, and maturation stages. They returned to the subtidal zone from November to March when their gonads were in recovery stage. This return migration is due to the loss of algae from the intertidal zone and by high wave action. Yearling sea urchins inhabited the subtidal zone throughout the year because of their preference for attached diatoms or small algae. Similar seasonal migration to E. bicyclis kelp bed from barren is reported (Sano et al. 2001) . Agatsuma et al. (2006b) monitored the distribution of H. pulcherrimus at 100 m 2 permanent sites in intertidal to subtidal zones at depths of up to 2.8 m in Onagawa Bay, Miyagi and analyzed the factors causing seasonal demographic changes in relation to vertical algal vegetation. The highest density was found on algal turf on boulders at a depth of 0-0.3 m. Migration of adult sea urchins on crustose coralline algae at depths from 0.3 to 2.8 m to the algal turf and subsequent inhabitation in more suitable boulder habitat from November to March (Fig. 19) , when their gonads changed from maturation to spawning, was indicated. This is the season when the small red alga Acrosorium polyneurum, which was the main food found in their gut contents, grew luxuriantly. Endo et al. (2007) stud- (Figs. 20, 21) . Crustose coralline algae were generally predominant in the gut contents of sea urchins in fucoid beds, where the sea urchin density was extremely low. Hemicentrotus pulcherrimus inhabited both fucoid beds and barrens, and did not migrate seasonally from the barrens to the fucoid beds. The main foods required for gonad production in this sea urchin were the dominant algae and sessile animals found in each algal community.
The seasonal migrations to kelps and macroalgae of M. nudus and H. pulcherrimus reflect their high foraging activity to increase in gonad size toward maturation and spawning in the species-specific reproductive cycles. The migration to fucoid beds is still not well studied. Endo et al. (2007) studied the vertical distribution and food of M. nudus and H. pulcherrimus in fucoid beds and concluded that foods such as sessile animals ensure the gonad development of M. nudus in coralline flats, eliminating the migration of the sea urchin to fucoid beds in shallow waters. Seasonal maximum gonad indices of H. pulcherrimus in coralline flats and fucoid beds were 11, markedly lower than those in fucoid beds at other localities (Agatsuma and Nakata 2004; Agatsuma et al. 2005a) . This suggests that H. pulcherrimus ingest the dominant foods. As the adults migrate from coralline flats to algal turf in shallower waters where gonad development occurs (Agatsuma et al. 2006b) , it is concluded that the larvae settle abundantly in coralline flats. H. pulcherrimus might also migrate to fucoid beds, although some individuals remain in the coralline flats. Most species of Fucales in the Sea of Japan produce their main branches in July and grow to approximately 1 m in length by October, reaching a maximum development with formation of receptacles in May just prior to their decay (e.g. Taniguchi and Yamada 1978) . These annual cycles of Fucales are not reflected in the gut contents of either sea urchin species. The low amounts of Fucales in the gut contents suggest a low consumption probability, because of the difficulty in grazing fully grown and erect thalli. These sea urchins may ingest early-stage thalli, or thalli that have become detached due to strong wave action or decay by chance. Production of the feeding deterrent substance phlorotannin by Fucales, which protects against herbivory (reviewed by Lawrence et al. 2007) , and also their hard thallus (Littler et al. 1983) may reduce the extent of grazing by sea urchins. These results suggest that M. nudus and H. pulcherrimus do not destroy fucoid beds by their grazing. Gonad size of H. pulcherrimus would be influenced by the abundance of their drift algae. Hence, more detailed studies on interaction between sea urchins and fucoid beds are necessary.
5-2. Grazing intensities affecting seaweed communities
Coralline flats (Ayling 1981) where crustose coralline red algae dominate and no large algae grow in subtidal regions off the Sea of Japan coast of southwestern Hokkaido have expanded from the 1960s (Fujita 1987a) . The persistence of coralline flats (barrens) results in reduced production by fisheries (Taniguchi 1996a) . The cause has been considered to be the result of intensive grazing by M. nudus at densities of more than 7 individuals/m 2 (Fujita 1987b; Nabata et al. 1992; Agatsuma et al. , 1998 Akaike et al. 1999) . studied the succession of seaweeds after the removal of dense populations of M. nudus from barrens in Suttsu Bay, southwestern Hokkaido. At Yaoi, facing the open sea, attached diatoms, the ephemeral alga Monostroma angicava, small annual algae such as Ulva pertusa and Polysiphonia morrowii, large annual algae such as Desmarestia viridis and U. pinnatifida, and small perennial algae such as D. divaricata became established on the barrens in that order. They were followed by the large perennial alga S. confusum as the climax (Figs. 22, 23) . In contrast, at Rokujo in the inner part of the bay, the dominance of small annual alga U. pertusa, which colonized in the early phase of seaweed succession, continued as a result of inflow of freshwater and sand from a river near the site. The community of S. confusum, the climax phase of seaweed succession, persists over long periods probably as the result of warm temperatures caused by the Tsushima Warm Current. At Biya, facing the open sea near a first-class river in the bay, the dominance of large annual kelp S. religiosa, which colonized in the early phase of seaweed succession, continued after the removal of S. nudus (Agatsuma 1999) . In the Sea of Okhotsk off northern Hokkaido, after removal of the dense population of S. intermedius, seaweed succession proceeded to the climax kelp S. ochotensis rapidly and the high standing crops of more than 7.6 kg/m 2 was recorded (Agatsuma 1999 ). Primary production of marine ecosystems is generally regulated by top-down (herbivory) and bottom-up (nutrient supply) effects. Whereas top-down effects are consistently stronger than bottom-up effects in tropical waters, effects of top-down and bottom-up forces in temperate waters are inconsistent and vary with the productivity of the system and the type of the primary producer present (Burkepile and Hay 2006) . For the forests of M. pyrifera off California, low nutrient concentration during summer coupled with above-average seawater temperatures resulted in both canopy deterioration and failed recruitment of subtidal kelp species (Dayton and Tegner 1984a; North and Zimmerman 1984; Dean and Jacobsen 1986; Tegner et al. 1997; Dayton et al. 1999; Hernández-Carmona et al. 2001) . At high water temperature and low nutrient concentration, survival rate and growth rate of both young and large individuals of M. pyrifera can be increased by nutrient enrichment in situ (North and Zimmerman 1984; Dean and Jacobsen 1986; Hernández-Carmona et al. 2001) . For other species of large kelps, few studies on the effects of nutrient enrichment have been demonstrated. In Hokkaido, the species of laminarian (Miyabe 1902) . These kelps have been commercially harvested. In addition, they are principal foods for the sea urchins S. intermedius (Kawamura 1964; Fuji and Kawamura 1970; Kawamura 1973) and M. nudus . In the Sea of Japan in southwestern Hokkaido, the coastal water temperature has increased from 1980's for 104 years between 1897 and 2000 (Tanaka 2002 ). As nutrient concentration is inversely correlated with seawater temperature in this region (Nakata et al. 2001 ) the same as the relation off southern California and Baja California (Jackson 1977; Zimmerman and Kremer 1984; Hernández-Carmona et al. 2001) , it is likely that nutrient concentrations have been decreased. Low nutrient concentrations have a negative impact on growth and maturation of sporophyte (Akaike et al. 1998; Mizuta et al. 1998 Mizuta et al. , 1999 and gametophyte (Mizuta et al. 2001 ) of the laminarian kelps in northern Japan. In intertidal or shallow subtidal waters, a factorial metaanalysis of filed experiments suggests that temperate macroalgae except for large kelps are significantly affected by herbivore removal and nutrient enrichment (Burkepile and Hay 2006) . Development of the means coupling with sea urchin removal and nutrient supply is needed for kelp forestation. Agatsuma et al. (2009) (Fig. 24) , respectively, coincident with low salinities of less than 23 PSU in late June because of river water inflow. Until May 2001, adult E. bicyclis grew only on the intertidal reef, and articulated coralline turf was predominant in the subtidal zone. From January, the growth of adult kelp expanded slightly to the upper subtidal zone (Fig. 25) .
In Kaipokok Bay, Labrador, Canada, river discharge killed 60-75% of the population of S. droebachiensis at a depth of up to 15 m (Hooper 1980) . Low salinitytolerance experiments showed threshold limits of 19‰ in Arbacia punctulata, 23‰ in Lytechinus variegatus (Wells 1961) , 21.5‰ in S. droebachiensis (Lange 1964) , and 29.0‰ in S. purpuratus (Giese and Farmanfarmaian 1963) . A marked decrease in practical salinity to 21-22 PSU in late June coincides with freshwater discharge by heavy rain in the upstream of the neighboring Hidaka River (Arakawa and Agatsuma 2008) . Because H. pulcherrimus is stenohaline and the optimum salinity range is 30-35 PSU (Kai et al. 2003) , it is concluded that mass mortality resulted from a sudden decrease in salinity. After mass mortality of S. droebachiensis by river discharge in Kaipokok Bay, a small kelp bed developed and persisted for 3 years (Hooper 1980) . Kaneko et al. (2007) reported that H. pulcherrimus and H. crassispina inhabit at densities of 20-40 individuals/m 2 with 30-50 mm in diameter and 4-7 individuls/m 2 with 40-70 mm in diameter, respectively, on a seawall in Osaka Bay, and the algal biomass of 500-600 g dry/m 2 by colonization of Sargassum spp. and U. pinnatifida adding to small algae is maintained during winter to early summer. There, from a manipulated experiment of sea urchin density, it is suggested that high algal productivity at high nutrient levels in winter (nitrogen, 0.2-0.3 mg/L; phosphorus, 0.02-0.04 mg/L) outcompetes dense sea urchin herbivory . In the present study, H. pulcherrimus and H. crassispina with the higher densities and smaller sizes than those in Osaka Bay inhabited before the mass mortality. After the mortality of sea urchins, young E. bicyclis colonized all areas, and their growth was sustained despite the markedly higher water temperatures in winter and spring than the average. Indeed, adult coverage expanded slightly from the intertidal upper reef to the subtidal lower reef. These results suggest that sea urchin herbivory inhibits the formation of E. bicyclis beds at a depth of more than 1 m. However, the young kelp on the gentle slopes at a depth of more than 1.5 m disappeared before maturing despite the low densities of sea urchins. In addition to low nutrient level affected by the Kuroshio current, abiotic factors such as suspended and deposited particles that have a lethal effect on survival of zoospores, and germination and gametophyte of E. bicyclis (Arakawa et al. 2002; Arakawa 2005; Arakawa and Agatsuma 2008) derived from river water inflow potentially may enable articulated coralline algae to predominate and inhibit the formation of the kelp bed. In addition, grazing by herbivorous fishes, which have been identified as one of the potential causes of decline of seaweed beds (e.g. Yamaguchi et al. 2010) , may be concerned.
Enhancement of population size, gonad production and somatic growth
Japan's sea urchin fishery enhancement programs are the largest in the world . Means for sea urchin stock enhancement are divided into three categories: (1) habitat enhancement, (2) transplantation of wild populations, and (3) reseeding (Andrew et al. 2002; Bell et al. 2005) . For a stable supply of sea urchin seeds, hatchery techniques for reseeding were well developed by the 1980s in Japan (Saito et al. 1985; Tegner 1989; Hagen 1996; Sakai et al. 2004a) . The reseeding of S. intermedius, of which the total number released in 2010 was 49.73 million, accounting for 84.8% of the total number of sea urchin seeds, has been conducted in Hokkaido, Aomori and Iwate Prefectures in Tohoku, particularly, concentrated in Hokkaido, accounting for 98.9% of the total number reseeded in 2010 (Agatsuma 2013a).
6-1. Reseeding
As growth rate of the reseeded sea urchins for one year after fertilization is high due to feeding, the widths of the first rings formed in the fifth genital plates are larger than those of the native sea urchins (Agatsuma 1987) . Using this method, Sakai et al. (2004b) estimated that reseeded sea urchins accounted for 62-80% from 1994 to 1996 at Tomari in the Sea of Japan off southwestern Hokkaido. Of the animals harvested in 1996, 45% were reseeded in 1994. Until 1996 the accumulated recapture rates of the reseeded sea urchins in 1992 and 1993 were 45.4% and 23.9%. These findings suggest that rapid increase in the landing of S. intermedius in this area after 1992 was due in large part to an increase in the number of sea urchins reseeded. Agatsuma (1999) released 30 000 hatchery-raised seeds of S. intermedius with 15.5 mm diameter to 800 m 2 area in the bed of the climax fucoid S. confusum at Yaoi in Suttus Bay, southwestern Hokkaido, where seaweeds colonized in the course of the succession after sea urchins on barrens were removed . The sea urchins grew to 40 mm diameter two years after release, indicating a high growth rate in the Sea of Japan. A high recapture rate of 31.4% was obtained. In addition, about 1 kg/m 2 biomass of the fucoid has been maintained all year-round.
In eastern Hokkaido, large numbers of out-planted S. intermedius seeds destroyed a bed of the fucoid Cystoseira hakodatensis with their intensive grazing. This fucoid species competes with commercially valuable Saccharina kelp. When the fucoid bed was removed by the urchins, it was re-colonized by kelp, which then led to an increase in the sea urchin harvest due to enhanced somatic and gonad growth (Sakai et al. 2004b) .
In 2010, Hokkaido accounted for 49.0% of the total catch of sea urchins in Japan. Catches in Hokkaido, as indexed by roe weight from the statistical yearbook published by Fisheries and Forestry Division, Hokkaido Government, began to decline in the mid1980s and fell sharply between 1988 and 1991. Much of this decline was attributed to falling catches of S. intermedius . However, since 1992, catches of S. intermedius in Hokkaido have fluctuated but have generally remained stable up until 2004 (Fig. 26) . The yearly seed output peaked at 60.13 million in 1996, declining to 52.29 million in 2010 (Fig.  26) . Whether the reseeding has contributed to this pattern in catches through time is difficult to determine. Sea urchin reseeding seems to be effective for stable fishery production in Japan. But, since 1990, the effectiveness on national or prefectural scales has not been defined (Saito 1992; Kitada 1999; Andrew et al. 2002; . Examining harvested sea urchins would make it possible to evaluate the size of wild and seeded populations, and lead to the development of a rational fishery management approach. In addition, establishment of a system of seed production and reseeding in conjunction with successive ecosystem monitoring in rocky coastal water is needed. 
6-2. Improvement of gonad production and somatic growth
In the Sea of Japan, Hokkaido, M. nudus with undeveloped gonads are taken from barren grounds and intensively cultured for a short period of time to enlarge their gonads. They are then transferred to fishing ports, small inlets or excavated rocky grounds with calm waters, and are stocked at the density of ca. 40 individuals/m 2 (Agatsuma et al. 2010) . Off the coast of the Sea of Japan in Hokkaido, the kelp S. japonica is cultivated as food for hatchery-raised S. intermedius until they are seeded. Growth of kelp is slow in winter (until March). It is well known that food with high protein content strongly promotes gonad production of sea urchin (de Jong-Westman et al. 1995; Lawrence et al. 1997; McBride et al. 1998; Akiyama et al. 2001; Hammer et al. 2004; Cook and Kelly 2007) . Fish flesh is one of the foods that promotes gonadal production (Agatsuma 1998; Hoshikawa et al. 1998) , but it causes the gonad to have a bitter taste due to the increase in valine (Hoshikawa et al. 1998 ) and results in a white gonad (Agatsuma 1998 ) the same as when fed on prepared feeds (Barker et al. 1998; Pearce et al. 2002) . These features decrease the quality and market price of the gonad, which has led to changes in the approach used to enhance roe. During winter, low-priced fish flesh (river-run salmon, Pacific saury, and arabesque greening) are fed to sea urchins to enlarge their gonads. In the spring, the diet is changed to kelps, Saccharina japonica and U. pinnatifida. The gonadal moisture and glycogen contents increased and decreased, respectively, and also the gonadal whiteness and chroma increased and decreased, respectively. However, all these parameters, excluding the gonadal whiteness, improved after changing the diet to brown algae (Agatsuma 1998) .
Using the food with high protein content, M. nudus on coralline flats can be harvested in spring. An abundance of cultivated kelps are available from spring to summer, so the sea urchins are also harvested in summer. Grazing activity of the sea urchins is critical for the maintenance of enlarged gonads. Hence, moderate exchanges of water from the open sea to the cultured grounds is required to avoid a decline in water temperature in winter that can result from low air temperatures.
The red alga Porphyra yezoensis, also called nori, is a traditionally cultivated species in Japan. The harvest of dried nori in Japan is regulated to about 10 billion sheets per year (Kawamura 2005) , and the surplus produced has not been utilized effectively. Growth of sea urchins is greatly affected by dietary protein concentration (Akiyama et al. 2001; Hammer et al. 2004; Daggett et al. 2005) . This alga has a high protein concentration of about 39% (Kagawa 2008) . Inomata et al. (2013) examined the dietary effects of P. yezoensis versus the kelps S. japonica on the growth of juvenile S. intermedius. Urchins fed P. yezoensis had significantly higher food conversion efficiency (42.0%) and digestibility (94.9%) compared to urchins fed S. japonica. No significant differences in growth rates were detected between the urchins fed P. yezoensis and kelp.
Despite of significantly higher food conversion efficiency and digestibility of S. intermedius fed P. yezoensis compared to those fed S. japonica, no significant differences in growth rates between S. intermedius fed P. yezoensis and kelp suggest that the thin thalli of P. yezoensis made them difficult to graze efficiently. To increase food intake, if this alga is consolidated, it would improve their growth and gonad production.
The cultivated kelp U. pinnatifida is boiled and then salted for human consumption in the Pacific Ocean off Tohoku. Most of the stipes are discarded. To explore a use for the discarded stipes, Agatsuma et al. (2002) studied their dietary value on the growth of the juvenile sea urchin M. nudus and the gonadal enhancement of adults and compared them with that of fresh stipes, blades, sporophyll and fresh blades of S. japonica in the rearing experiment. Rapid growth in juveniles was most effectively promoted by the intake of fresh blades of U. pinnatifida, with consumption of boiled stipes being next in value (Fig. 27) . The intake of boiled and salted stipe was higher than fresh stipe and sporophylls, however, sporophylls promoted the best gonadal enhancement in adults.
Despite the low carbohydrate and crude protein content in boiled stipe of U. pinnatifida, it is estimated that boiled stipe could enhance the gonadal index by as much as 18%, the minimum level for market, after 5 months of feeding. To succeed in kelp forestation on coralline flats by the introduction of artificial reefs or the transplantation of hatchery-reared gametophytes and juvenile sporophytes, the grazing intensity of sea urchins can be reduced by either removing them or feeding them an abundant amount of algae (Taniguchi 1996a) . The results suggest that boiled stipe would be an effective deterrent to the grazing intensity of the wild sea urchin within coralline flats where marine forestation is being attempted.
Thus low-priced fish and surplus P. yezoensis, cultivated with high content of protein, improve gonad production and somatic growth effectively. Boiled stipes of U. pinnatifida that are discarded can be applied to sea urchin food for marine forestation. Release of hatchery-raised seeds of S. intermedius into the wild and aquaculture of wild or hatchery-raised sea urchins utilizing surplus or low-priced foods for human consumption enabled the sea urchins to enhance the population growth and improve the production.
Future perspective
Under ocean warming, the kelp beds of S. japonica and C. costata have been declined off Aomori, in northern Honshu, Japan (Kirihara et al. 2006) . Off Kochi in the Pacific coats, southwestern Japan, the kelp Ecklonia declined and the tropical species Sargassum ilicifolium has gradually expanded its distribution to become the most conspicuously dominant (Tanaka et al. 2012) . In Australasia, where no apparent apex predator such as the sea otter exists, it has been suggested that kelp forests are structured by much simpler two-tiered trophic interactions, with insufficient predation on sea urchins to control their populations (Estes and Steinberg 1988; Andrew and MacDiarmid 1991; Steinberg et al. 1995) . Steinberg et al. (1995) found that grazing rates are higher, that kelps and rockweeds (order Fucales) have levels of secondary metabolites about five times greater, and that sea urchins are considerably less deterred by phlorotannins in their food than in the North Pacific. Taking this chemical race into consideration, in northern Japan with no apex predator, the studies on interactions between sea urchins and fucoid forests have not been well understood, and the effect on population dynamics of sea urchins should be undertaken.
Hemicentrotus pulcherrimus produce the bitter amino acid "pulcherrimine" in ripe ovaries (Murata and Sata 2000; Murata et al. 2001) in autumn and move to shallow algal communities for reproductive success in winter when water temperature decreases to the minimum and wave action is high. Hereafter, studies on ecological and biological roles of "pulcherrimine" on reproductive success in winter are needed.
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